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Amyloid-� peptide (A�) is the toxic agent in Alzheimer’s disease
(AD), although the mechanism causing the neurodegeneration is
not known. We previously proposed a mechanism in which exces-
sive A� binds to regulatory heme, triggering functional heme
deficiency (HD), causing the key cytopathologies of AD. We dem-
onstrated that HD triggers the release of oxidants (e.g., H2O2) from
mitochondria due to the loss of complex IV, which contains heme-a.
Now we add more evidence that A� binding to regulatory heme in
vivo is the mechanism by which A� causes HD. Heme binds to A�,
thus preventing A� aggregation by forming an A�–heme complex
in a cell-free system. We suggest that this complex depletes
regulatory heme, which would explain the increase in heme
synthesis and iron uptake we observe in human neuroblastoma
cells. The A�–heme complex is shown to be a peroxidase, which
catalyzes the oxidation of serotonin and 3,4-dihydroxyphenylala-
nine by H2O2. Curcumin, which lowers oxidative damage in the
brain in a mouse model for AD, inhibits this peroxidase. The
binding of A� to heme supports a unifying mechanism by which
excessive A� induces HD, causes oxidative damage to macromol-
ecules, and depletes specific neurotransmitters. The relevance of
the binding of regulatory heme with excessive A� for mitochon-
drial dysfunction and neurotoxicity and other cytopathologies of
AD is discussed.
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Intracellular amyloid-� peptide (A�) and its aggregates are
thought to be the neurotoxic agents in Alzheimer’s disease

(AD) (1–3). Important cytopathologies in AD include the ac-
cumulation of iron in cells; mitochondrial complex IV dysfunc-
tion; oxidative stress (4–7); and cholinergic, dopaminergic, and
serotonergic dysfunctions. These cytopathologies play a role in
subsequent cognitive impairment (8). Although the molecular
link between A� and the important cytopathologies seen in AD
is not fully understood, our earlier work produced strong evi-
dence that heme may play a key role in the molecular link
between A� and these cytopathologies. We found that heme
metabolism is altered in AD brain (9); that the complex phe-
notype of heme deficiency (HD) (10, 11) overlaps with impor-
tant cytopathologies in AD (10, 11); and that heme binds with
A�, forming an A�–heme complex (9). We proposed a model in
which excessive A� in AD brain binds to regulatory heme,
creating functional HD (9, 12).

Heme plays an important role in cellular metabolism and gene
regulation. All nucleated mammalian cells synthesize heme. The
synthesis of the organic moiety of heme (protoporphyrin IX)
starts in the mitochondrial matrix. �-Aminolevulinic acid syn-
thase (ALAS) catalyzes the condensation of succinyl-CoA with
glycine, producing ALA (13), which is the first and rate-limiting
step in heme synthesis. Ferrochelatase, located in the inner
membrane of the mitochondria, inserts iron into protoporphyrin
IX to produce heme (14, 15), which then reaches the cytosol to
form the regulatory heme. Regulatory heme binds to the heme-
regulatory motif in specific proteins. Heme-regulatory motif is
different from the heme pockets in heme proteins, which bind

heme with higher affinity. Regulatory heme controls the mito-
chondrial–cytosolic distribution of ALAS (16), iron uptake (17),
specific neuronal signaling pathways (18), and transcription
factors (19); regulatory heme also is the precursor for heme-a.
Heme-a matures via several biochemical modifications to reg-
ulatory heme (20), exists only in complex IV in the mitochondria,
and is rate-limiting for its assembly (21). Complex IV decreases
in AD (5, 6), which causes release of oxidants during mitochon-
drial electron transport.

In this study, we confirm our earlier finding that heme readily
complexes with A�. We conclude that this binding causes a
decrease in heme-a, which accounts for the decrease in complex
IV (10, 11), a release of oxidants (11), and the compensatory
induction of heme synthesis and iron uptake. We also show that
the A�–heme complex is a peroxidase, that serotonin is a
substrate, and that curcumin is an inhibitor.

Results
A� Binds to Heme to Form an A�–Heme Complex. We tested the
effect of heme on the aggregation of A� monomers and the
dismantling of A� aggregates in solution. The fluorescence of
thioflavin-T (TfT) is high after binding A� aggregates (Fig. 1A).
When heme was added to A� aggregates, the fluorescence of
TfT declined, indicating a dismantling of A� aggregates. When
heme was added to A� monomers, it blocked the increase in TfT
fluorescence, indicating inhibition of A� aggregation (Fig. 1B).
Heme has no effect on the fluorescence of TfT in the absence
of A� aggregates.

We previously showed that heme binds with A�, forming an
A�–heme complex (9). Here, we investigate the formation of
A�–heme by monitoring the spectrum of heme and by electro-
phoresis at the completion of experiments identical to those
shown in Fig. 1 A and B. A red shift in the Soret band of heme
was evident, indicating that an A�–heme complex was formed
when A� aggregates were mixed with heme (Fig. 2). Addition-
ally, an increase in the absorbance of heme at 530 nm was always
observed in the spectrum of A�–heme (Fig. 2). SDS�PAGE and
Western blotting were used to determine the change in the
aggregation level of A�, using the specific antibody 6E10. A
high-molecular-weight band was observed at the origin of the
wells, indicating the presence of SDS-stable A� aggregates (Fig.
1C). This band has been shown to represent immobilized A�
aggregates rather than a defined high-molecular-weight species
(22). After incubation with heme, smaller A� aggregates (130–
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140 kDa), tetramers, trimers, and a large amount of monomers
appeared (Fig. 1C). The SDS-stable A� aggregates remaining
after treatment with heme are likely products of the reaggrega-
tion of A� during preparation for separation on the gel. These
observations indicate that heme binding with A� forms a stable
A�–heme complex. Similar effects of A�–heme complexing
were also observed in experiments that measured the inhibition
of A� aggregation (Fig. 1B).

The effect of heme on A� aggregates is rapid, occurring within
15 min of incubation with A� (Fig. 1 A). The kinetics of heme
binding with A�, binding constants, and various biological

consequences of the A�–heme should be studied. The slightly
negative values seen in Fig. 1B could be a result of interaction
between TfT and the heme–A� complex.

The A�–Heme Complex Possesses Peroxidase Activity. We examined
the biochemical activity of A�–heme. We found strong evi-
dence for peroxidase activity of the A�–heme complex. As
shown in Fig. 3, 3,3�,5,5�-tetramethylbenzidine (TMB), which
is a classic substrate for peroxidases, was oxidized by H2O2 only
when A�–heme complex was added. Interestingly, the anti-
body 6E10 did not affect the spectrum of A�–heme or inhibit
its peroxidase activity even after 24 h of incubation at con-
centrations 5-fold higher than the A�–heme concentration
(data not shown).

The neurotransmitters serotonin and 3,4-dihydroxyphenylala-
nine (DOPA) were very efficient in inhibiting TMB oxidation by
A�–heme, suggesting they may be substrates for A�–heme. The
mean (� SD) inhibition by serotonin was 89 � 4% (P � 0.002,
n � 3), whereas inhibition by DOPA was 66 � 5% (P � 0.01, n �
3). We confirmed that serotonin is a substrate for A�–heme by
demonstrating a rapid decrease in the 280-nm absorbance of
serotonin and the appearance of new oxidation products upon
adding A�–heme to a mixture of H2O2 and serotonin (Fig. 4).
Adding A�–heme or H2O2 alone to serotonin did not have an

Fig. 1. Heme dismantles A� aggregates and inhibits A� aggregation.
Changes to the fluorescence of TfT were used to determine the level of A�

aggregation as described in Materials and Methods. (A) The high fluorescence
of TfT [expressed in arbitrary fluorescence units (AFU)] resulting from binding
to A� aggregates declines upon incubation with heme. (B) The increase in the
fluorescence of TfT resulting from spontaneous aggregation of freshly pre-
pared A� monomers is depressed by heme. See text for an explanation for the
negative fluorescence. Heme has no effect on the fluorescence of TfT in the
absence of A� aggregates (data not shown). Data shown are means � SD of
triplicates of one representative example of four experiments. The last points
of each curve are compared. ***, P � 0.001. (C) Oligomers (A), tetramers (T),
trimers (D), and monomers (M) of A� resulting from incubation with heme
were determined at the end of the experiment in A by SDS�PAGE and Western
blotting as described in Material and Methods. Controls (Cont) contain high-
molecular-weight species (H) that did not enter the gel and a lack of mono-
meric forms of A�. A� oligomers, tetramers, trimers, and monomers appear by
treatment with heme (�Heme). Duplicates are shown for each treatment.
Shown is one representative example of four experiments.

Fig. 2. The A�–heme complex is formed during the interaction of heme with
A�. The spectrum of heme between 350 and 750 nm was measured at the end
of the incubation in experiments identical to those described for Fig. 1 A and
B. The red shift, an increase in the absorbance of the Soret band, and an
increase in OD at 530 nm were always observed after heme binding to A�.
Shown is one representative example of four experiments.

Fig. 3. Peroxidase activity of the A�–heme complex. The oxidation of TMB
by A�–heme peroxidase was followed by an increase in the absorbance of 652
nm. A�–heme, A�, heme, or PBS (Blank) was added to a 200-�l TMB-substrate
kit specific for peroxidases (all tubes have H2O2). A�–heme was very efficient
in the oxidation of TMB compared with heme. No oxidation of TMB by H2O2

occurs without heme in the absence (Blank) or presence of A�. The A�–heme
complex was prepared as described in Materials and Methods. Shown is one
representative example of five experiments.
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effect; A�–heme with H2O2, however, induced catalytic oxida-
tion of serotonin (Fig. 4 Inset). 5,7-Dihydroxyserotonin was not
among the oxidation products of serotonin. The chemical iden-
tity of the oxidation products is an important topic for further
study.

Curcumin lowers oxidative stress in a mouse model for AD.
Therefore, we tested whether curcumin inhibits A�–heme-
dependent peroxidase. Curcumin significantly inhibits the per-
oxidase activity of A�–heme at concentrations as low as 1 �M
(Fig. 5).

A� Induces Heme Synthesis and Iron Uptake in Human Neuroblastoma
Cells. The effect of A� on heme synthesis was used to test the
biological effect of the A� and heme interaction. We expected
an increase in heme synthesis due to depletion of regulatory
heme if the binding between heme and A� occurs in the cell.
Human neuroblastoma (SHSY5Y) cells synthesized 0.32 � 0.1
and 0.84 � 0.088 ng of heme per mg of protein after 1 and 2 h
of incubation, respectively, in full medium, (mean � SEM of six
independent experiments, P � 0.006). A� at concentrations of
0.1, 1, and 10 �M significantly increased the synthesis of heme
(Fig. 6 A and B). A 40% increase in heme synthesis was seen after
2 h incubation with 0.1 �M A� (Fig. 6A). A 4-fold and 13-fold
increase in heme synthesis was seen after 1 h of incubation with
1 and 10 �M A�, respectively. A 2.5-fold and 18-fold increase in
heme synthesis was seen after 2 h of incubation with 1 and 10 �M
A�, respectively (Fig. 6B).

An increase in the uptake of iron is necessary to support heme
synthesis. Therefore, we measured total iron uptake in response
to A� (Fig. 6 A and C). SHSY5Y cells accumulated 2.44 � 0.43
and 4.1 � 0.46 ng of 59Fe per mg of protein after 1 and 2 h of
incubation, respectively, in full medium (mean � SEM of six
independent experiments, P � 0.03). A� at concentrations of 0.1,
1, and 10 �M significantly increased the intracellular iron (Fig.
6 A and C). A 55% increase in iron was seen after 2 h of
incubation with 0.1 �M A� (Fig. 6A). A 4-fold and 12.5-fold
increase in iron uptake was seen after 1 h of incubation with 1
and 10 �M A�, respectively. A 2-fold and 8-fold increase in iron
uptake was seen after 2 h of incubation with 1 and 10 �M A�,
respectively (Fig. 6C).

The exposure of SHSY5Y cells to A� was not toxic as
measured by trypan blue exclusion tests and compared with
controls. The percentages of trypan blue-positive cells were
2.9 � 2.2%, 4.3 � 1.8%, and 3.5 � 2% for control, 1 �M A�, and
10 �M A�, respectively, at the end of the 2-h incubation (mean �
SD, n � 3).

Fig. 4. Oxidation of serotonin by A�–heme and H2O2. An HPLC-UV detector
set at 280 nm was used to measure the oxidation of serotonin catalyzed by
A�–heme and H2O2 as described in Materials and Methods. The retention time
of serotonin is 4.7 min, which was unchanged in the presence of H2O2. (Inset)
Adding A�–heme to serotonin plus H2O2 decreases the serotonin peak after
a 60-min reaction and leads to the formation of two oxidation products. The
chromatogram shown is one representative example of five experiments.

Fig. 5. Curcumin inhibits the peroxidase activity of A�–heme. The effect of
curcumin (in 0.1 M NaOH) on A�–heme peroxidase activity was tested with
TMB and H2O2 as described in Material and Methods. The addition of the 1–10
�l of curcumin solution did not affect the pH. The oxidation product of TMB
was determined at 450 nm after acidification by sulfuric acid. Data shown are
means � SD (n � 3), which were compared with the control. *, P � 0.016 by
unpaired t test; ***, P � 0.0002 by unpaired t test.

Fig. 6. A� induces heme synthesis and iron uptake in human neuroblastoma
(SHSY5Y) cells. Heme synthesis and 59Fe uptake by SHSY5Y cells were mea-
sured as described in Materials and Methods. Three concentrations of A� [0.1
�M (A), 1 �M (B), and 10 �M (C)] increased heme synthesis and iron uptake
above the controls (mean � SEM of the percent of the increase in heme or iron
uptake). (A) Data are presented for only the 2-h incubations. (B) Heme
synthesis in the control cells was 0.32 � 0.1 and 0.84 � 0.088 ng of heme per
mg of protein after 1 and 2 h, respectively (mean � SEM of six independent
experiments, P � 0.006, nonparametric Mann–Whitney test). (C) Iron uptake
was 2.44 � 0.43 and 4.1 � 0.46 ng of 59Fe per mg of protein after 1 and 2 h,
respectively (mean � SEM of six independent experiments, P � 0.03, nonpara-
metric Mann–Whitney test).
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Discussion
Several lines of evidence support the role of intracellular A� in
the cytopathology of AD, whereas direct and indirect experi-
mental evidence strongly suggests that heme metabolism is also
involved in AD (9, 23, 24). We show that the binding of heme
with A� to form a complex (A�–heme) may be the molecular
mechanism for the disparate cytopathologies seen in AD and
accumulation of A�.

We provide experimental evidence of heme’s prevention of
A� aggregation (Fig. 1) by tightly binding with A�. We show that
heme rapidly binds with A�, causing a red shift to the spectrum
of heme in the Soret band (Fig. 2), indicating that the heme iron
is involved in this binding. His is known to bind with heme in
several heme proteins (25), suggesting that at least one of the
three His residues in A� is likely to bind with heme iron. A shift
in the Soret band of free heme has been reported recently in
several heme-binding proteins (16, 18, 26), indicative of specific
binding of heme to these proteins. Additionally, the amino acid
sequence of A� contains hydrophobic amino acids (two Leu
residues and three Ile residues) and the amino acids Asn and Gln,
which are usually found in heme-binding pockets of heme
proteins. One of the His residues in A� was shown to bind to Zn
or Cu, enhancing its aggregation (27). We suggest that heme
out-competes Zn or Cu ions in binding to A�, inhibiting A�
aggregation (9).

A� appears to bind with heme with high affinity. The antibody
6E10 recognizes amino acids 1–17 of A�, which include the three
His residues (His-6, Hi-13, and His-14) that are proposed to bind
with heme iron. The antibody did not reverse the A�–heme
spectrum back to heme or inhibit the peroxidase. These obser-
vations indicate that the antibody 6E10 does not displace heme
from A�–heme, suggesting high-affinity binding of A� to heme
and alteration to the conformation of amino acids 1–17 of A�.
Interestingly, the aggregates of A� were resistant to SDS deter-
gent (Fig. 1), suggesting that the minor detergent action of heme
plays little role in preventing A� aggregation. Additionally,
�-globulin, which binds many substances nonspecifically, did not
change the Soret band of heme or acquire a peroxidase activity
upon mixing with heme (data not shown).

The complex A�–heme is a peroxidase (Fig. 3). In our
experiment, the ratios of the substrates TMB (832 �M) and
H2O2 (3 mM) to the complex A�–heme (0.1 �M) were 8,320:1
and 300,000:1, respectively, indicating a catalytic activity of the
complex A�–heme (Fig. 3). The amino acid sequence of A�
contains Arg, His, and Phe, which participate in the H2O2
binding and catalyze the heterolytic split of OOO bond of H2O2
by peroxidases (28). A structural study of the complex A�–heme
to identify the mechanism of catalysis is needed to confirm this
mechanism.

The A�–heme peroxidase was efficient in oxidizing serotonin
(Fig. 4) and DOPA in addition to TMB. We suggest that the
oxidation of serotonin by A�–heme in the presence of H2O2,
which would be produced after the decrease in complex IV (10),
is a possible molecular link between A� and the abnormal
neurotransmitters and oxidative damage seen in AD brain.
Peroxidases usually oxidize several organic substrates with min-
imal selectivity. Therefore, we predict that additional biomol-
ecules also are oxidized by the peroxidase activity of excessive
A�–heme complexes. Consistently, serotonin and DOPA can be
oxidized by myeloperoxidase (29), further supporting the finding
that both neurotransmitters are substrates for the A�–heme-
dependent peroxidase. The peroxidase activity of A�–heme was
inhibited by curcumin (Fig. 5); curcumin lowers oxidative dam-
age in the brain of a mouse model for AD (30), possibly by
chelating Cu and iron (31). Redox-active iron was proposed to
play a role in the oxidative damage of AD (32, 33). We propose

that inhibiting A�–heme peroxidase with curcumin may prevent
part of the oxidative damage in AD.

Our data suggests that excessive A�–heme peroxidase may
play a role in the oxidative damage of AD. Frey and coworkers
(23) demonstrated the inactivation of muscarinic acetylcholine
receptor by oxidative damage catalyzed by a low-molecular-
weight substance enriched from AD brain. Heme was proposed
to be involved in this inactivation. A�–heme may account, in
part, for the results observed by Frey and colleagues (23).

A� induces heme synthesis and iron uptake in SHSY5Y cells
(Fig. 6), which would follow from A�-decreasing regulatory
heme. A� added to the growth medium may penetrate the cells
by pinocytosis or endocytosis, or it may bind with cellular
membranes, forming a sink that pulls the regulatory heme out of
the cytosol. Regulatory heme is thought to be loosely associated
with specific proteins (e.g., at a heme-regulatory motif site) (34).
It is known that regulatory heme controls its own synthesis (16,
35) by binding to the heme-regulatory motif in ALAS and
regulating its import into the mitochondria. Depletion of regu-
latory heme increases the import of premature ALAS from the
cytosol to the mitochondrial matrix, where it is processed into
active enzyme. The half-life of ALAS is between 20 and 60 min,
indicating a short response time to changes in heme (36). Thus,
the increase in heme synthesis induced by A� would be a
response to the depletion of intracellular regulatory heme, which
creates a functional HD.

An increase in heme synthesis due to depletion of regulatory
heme causes an increase in iron uptake (37, 38), because iron
uptake is influenced by the availability of heme. Regulatory
heme enhances the degradation of iron regulatory protein-2
(IRP2) (17); thus, a depletion of regulatory heme by A� will
stabilize IRP2, increasing the synthesis of transferrin receptor,
and lead to increased iron uptake (Fig. 6). An abnormal
localization of IRP2 in AD brain has been reported (39),
indicating altered function.

The proposed HD induced by excessive A� would cause a
shortage of heme-a (40), which then decreases complex IV (11),
causing the release of H2O2 and other oxidants from the
mitochondria (10). Complex IV is known to decrease in AD.
Depleting the regulatory heme by A� may also influence
additional metabolic functions in addition to those discussed
above. The regulatory heme regulates the function of several
transcription factors (19, 26), soluble guanylate cyclase (41), and
metabolic pathways (10, 42, 43). Thus, it is likely that a decline
in the regulatory heme also disturbs specific signaling pathways
and gene expression.

We propose that heme and A� interact in situ. A likely site for
this interaction might be the lysosomal–endocytic vesicles, the
cell membrane, mitochondria, or the cytosol (Fig. 7). There is
some hint that heme may also bind to A� protein precursor
(A�PP), forming a A�PP–heme complex. We have demon-
strated that HD causes dimerization of A�PP (10), suggesting
that heme may be necessary to keep the monomer form of A�PP.
The function of A�PP is not known but could involve heme. HD
human neuroblastoma cells, which possess dimers of A�PP,
failed to form axonal extensions after induction of differentia-
tion as compared with heme-sufficient cells (10). The steady-
state tissue concentrations of heme and A� in vivo are not
known. It is generally estimated that regulatory heme concen-
tration is �30 nM (34), whereas the concentration of free A� is
estimated to be in the low nanomolar range (44).

We suggested that heme binding with A� is an endogenous
mechanism that prevents A� aggregation (9). However, exces-
sive production of A�, as is the case in AD, may have detrimental
consequences if the A�–heme peroxidase is produced. Although
low concentrations of A�–heme (e.g., in the normal brain) might
have a physiologic role, we have constructed a model for AD
pathology considering excessive levels of A� (Fig. 7). In this
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model, the binding of regulatory heme to elevated levels of A�
in AD brain creates HD. HD causes a decline in complex IV, iron
accumulation, mitochondrial dysfunction, and increased produc-
tion of oxidants (e.g., H2O2) (9–11), which are seen in AD (5, 6).
The A�–heme-dependent peroxidase activity, however, could
explain the oxidative damage and the decline in specific neuro-
transmitters, such as serotonin and DOPA, in AD.

We propose that HD and excessive peroxidase activity from
A�–heme create a vicious cycle that increases oxidative damage.
HD leads to an increased production of H2O2, which could serve
as a substrate for the peroxidase A�–heme. In contrast to the
physiologic peroxidases that are usually compartmentalized and
under strict metabolic regulation, the excessive A�–heme might
escape physiologic regulation. This model also could explain the
accelerated pathology of familial AD, in which excessive A�
production occurs at young ages compared with sporadic AD.

We have discussed that heme synthesis requires the cofactors
iron, copper, zinc, biotin, pantothenic acid, riboflavin, and lipoic
acid (13, 45). Deficiencies of these in the U.S. population are
very common, e.g., 25% of menstruating women ingest �50% of
the recommended dietary allowance for iron. Deficiency leads to
a decrease in heme and complex IV and an increase in oxidants;
inadequate levels may limit the compensatory response to a
shortage in heme and play a role in A� clearance and processing
of A�PP (10)

The A�–heme complex opens new directions of research in
AD and supports the view that changes in cellular heme me-
tabolism might be an early pathologic sign of AD brain. Pre-
venting excessive formation of A�–heme complex, inhibiting the
A�–heme peroxidase, and counteracting HD may prevent AD.

Materials and Methods
Materials. A� (as A�42) was from American Peptide (Sunnyvale,
CA); hemin (which is referred to as heme) was from Frontier
Scientific (Logan, UT); butyl acetate, TfT, �-globulin, trypan blue,
30% H2O2, and curcumin were from Sigma; mouse monoclonal
antibody against amino acids 1–17 of A� (clone 6E10) was from
Chemicon International (Temecula, CA); cell media (DMEM and
MEM), nonessential amino acids, trypsin-EDTA, and Na-pyruvate
were from Invitrogen; the protein quantification kit was from
Bio-Rad; iron isotope 59Fe (as 1 mCi�ml 59FeCl3) (1 Ci � 37 GBq)
was from PerkinElmer; liquid scintillation CytoScint was from ICN;

and an immunoPure TMB substrate kit for peroxidases was from
Pierce. The reagents used for SDS�PAGE and Western blotting
and HPLC were of the highest grade available.

Preparation of Heme. A stock solution of heme was freshly
prepared in 0.1 M NaOH in ultrapure water (NANOpure,
Barnstead, Dubuque, IA) and stored in the dark. The stock of
heme was gradually diluted at pH 9, followed by a second
dilution to the desired concentration and a pH of 7.5.

Interaction of Heme and A�. A� was prepared at stock concentra-
tion of 600 �M in ultrapure water. Aggregates of A� were
prepared by allowing spontaneous aggregation in an A� solution
at 25°C for at least 24 h, which was then divided into aliquots and
stored at �20°C. The aggregation of A� was measured by
assaying the fluorescence of TfT, which increases upon binding
to A� aggregates [excitation filter of 435 nm (bandwidth, 5 nm)
and emission filter of 486 nm (bandwidth, 10 nm)] (46, 47).

Dismantling the previously prepared aggregates of A� with
heme was measured by monitoring the decrease in TfT fluores-
cence. A� aggregates (equivalent to 6 �M monomers) were
mixed with heme (6 �M) in 100 �l of PBS. The ratio of heme to
A� was maintained stoichiometrically at 1:1 to be able to detect
the spectral changes to heme.

Spontaneous aggregation of A� was followed by diluting
freshly prepared A� stock concentration to 6 �M in 100 �l of
PBS, pH 7.4, and incubating at 37°C with or without 12 or 6 �M
heme. At different time intervals, aliquots of 10 �l were removed
and mixed with 20 �M TfT in 200 �l of PBS, and the fluores-
cence was measured. The spectrum of heme between 350 and
750 nm was measured at the end of each experiment. A�
aggregates, treated or not treated with heme, were resolved by
15% SDS�PAGE, transferred to polyvinylidene difluoride mem-
branes, and immunoblotted with antibody 6E10.

Peroxidase Activity of the A�–Heme Complex. The peroxidase
activity of A�–heme was measured by the oxidation of TMB by
H2O2 (ImmunoPure TMB kit) by following the increase in
absorbance at 652 nm, which allows continuous monitoring of
the TMB oxidation product. Alternatively, the reaction was
terminated by 4 M sulfuric acid, which shifts the absorbance peak
of the TMB oxidation product to 450 nm. The peroxidase activity
of A�–heme was tested in the concentration range of 100–700
nM of the complex for 15–30 min at room temperature. The
effect of potential inhibitors (curcumin) or substrates (serotonin
and DOPA) on A�–heme peroxidase activity was measured by
the TMB assay or by HPLC. For the HPLC assay, 100 �M
serotonin was incubated with 3 mM H2O2 and 500 nM A�–heme
in 50 mM Hepes, pH 7.2. At specific time intervals, the oxidation
products of serotonin were analyzed by injecting 23.5 �l from the
reaction mixture into RP-HPLC on a 300- � 3.9-mm column of
Bond-Clone-C18 (Phenomenex) by using as mobile-phase 10%
methanol, pH 3 (48). Serotonin or oxidation products were
analyzed with a UV-online detector set at 280 nm.

Effect of A� on Heme Synthesis and Iron Uptake. Heme synthesis by
human neuroblastoma cells (SHSY5Y) was measured by using
radioisotope 59Fe. The cells were maintained as described in ref.
10. The cells were harvested by trypsinization and counted, and
2 � 106 cells per milliliter were incubated in iron-free MEM�
10% FBS�20 mM Hepes supplemented with 0.25 �Ci�ml
59FeCl3. The amount of iron in the serum used for these
experiments was 150 ng�ml. Heme synthesis was tested at 37°C
with constant gentle mixing at three A� concentrations: 0.1, 1,
and 10 �M. Control cells did not receive A�. At different time
intervals, cells from a 1-ml aliquot were collected by centrifu-
gation, washed three times (3 min each) with ice-cold PBS
supplemented with 50 �M of deferroxamine, and lysed into 100

Fig. 7. Proposed consequences of excessive binding of heme with A�. Upon
synthesis in the mitochondria (m), heme is exported to join the regulatory
heme in the cytosol (step 1), where it serves in several metabolic activities (step
2). In AD brain, the production of A� increases (1A�) from the processing of
A�PP (step 3). Heme prevents A� aggregation (step 4). An excessive level of A�

depletes the regulatory heme, creating HD and producing excess of A�–heme
peroxidase (step 5), which contributes to oxidative stress in AD. Additional
metabolic consequences are addressed in Discussion.
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�l of PBS�1% Tween 20. Then 400 �l of 5 M HCl was added
followed by 1.2 ml of butyl acetate (49). This procedure extracts
only heme into butyl acetate, leaving the non-heme iron in the
aqueous phase. The radioactivity was measured in both phases.
Deferroxamine was included in the washes to remove residual
iron that might bind to the cell surface. Cell viability of control
and A�-treated cells at 60 and 120 min of incubation was
measured by trypan blue exclusion.

Statistical Analysis. Unpaired Student’s two-tailed t tests or
nonparametric Mann–Whitney tests were performed by using
PRISM 4 (GraphPad, San Diego). Significance was defined as
P � 0.05.
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